The envelope glycoprotein gp120 of primate immunodeficiency viruses initiates viral attachment to CD4' cells by binding to the CD4 antigen on host cell surfaces.
produced gp120 from T-cell tropic human immunodeficiency virus type 1 (HIV-1) BH10 exhibits binding to soluble recombinant CD4 (sCD4) and syncytia inhibition potency identical to that of pure authentic viral gpl20. Relative to the affinity of HIV-1 BH10 gp120 for sCD4, that of dual tropic HIV-1 Ba-L is 6-fold lower, that of restricted T-cell tropic simian immunodeficiency virus mac is 70-fold lower, and that of noncytopathic HIV-2 ST is >280-fold lower. Thus, viruses that utilize CD4 for infection do so by using a remarkably wide range of envelope affinities. These differences in affinity may play a role in determining cell tropism and cytopathicity.
The envelope glycoproteins of primate immunodeficiency viruses are derived from a precursor that is cleaved to form the external envelope glycoprotein gpl20 and a transmembrane glycoprotein gp4l (1) . The gp4l protein is thought to play a role in membrane fusion in addition to its role as an anchor for gp120 at the surface ofthe virus or infected cell (2) . The gpl20 protein is involved in attachment of virus to CD4' cells by virtue of its ability to bind the CD4 receptor on host cell surfaces (3) (4) (5) . The CD4 molecule serves as the primary receptor for human immunodeficiency virus (HIV)-1, HIV-2, and simian immunodeficiency virus (SIV), despite variations as high as 70%o in the gp120 amino acid sequences of different isolates (3) (4) (5) . The presence of several conserved regions interspersed throughout the gpl20 coding regions is thought to contribute to the maintenance of a discontinuous binding site for CD4 (6) . Mutational analyses have implicated a number of these conserved regions in the recognition of CD4 (2, 6, 7) .
The role of gpl20 in determining cellular tropism is more complicated than simply targeting virus to CD4+ cells, as evidenced by the fact that viruses display different host cell ranges among CD4+ cell types. For example, the HIV-1 isolate Ba-L infects T cells as well as monocytes and macrophages efficiently, whereas HIV-1 BH10 can only infect T cells efficiently (8) . Determinants of tropism for T cell vs. monocytic cell types have been mapped to the env gene.
Substitution of a single amino acid in gpl20 or of entire env gene sequences has been shown to alter viral tropisms (9, 10) . The envelope gene has also been implicated in the tropism of viruses that show a restricted host range among CD4' T-cell lines. For example, SIVmac infects H9 and HUT 78 cells efficiently and SupT1 cells poorly but is unable to infect Molt-4, CEM, or Jurkat cells (11, 12) . The fact that human cells expressing recombinant SIVmac envelope protein on their surface show the same selective ability to fuse with these T-cell lines suggests that this form of cellular tropism is directed by the viral envelope protein (12) .
The envelope protein is also a determinant of the cytopathic properties of HIV and SIV. Expression of recombinant envelope proteins from cytopathic viruses on human cells induces CD4-dependent cell fusion and cell death similar to that observed with virus-infected cells (12, 13) . In contrast, human cells expressing recombinant envelope protein from noncytopathic, nonfusogenic HIV-2 ST fail to fuse with CD4' cells (13) . Determinants of cytopathicity have also been mapped to the env gene by exchanging equivalent regions between cloned HIV-1 isolates having different cytopathic properties (14) .
The above observations identify a central role for the envelope protein in determining the tropic and cytopathic properties of HIV and SIV. To date, however, the aspects of envelope function responsible for these different biological properties have not been elucidated. One potential difference among the envelope proteins of these viruses is the recognition and interaction of the gp120 subunit with the CD4 receptor. It has been demonstrated that differing amounts of a soluble recombinant CD4 protein are required to inhibit infection by various HIV-1, HIV-2, and SIV isolates (15, 16) . One interpretation of these results is that the envelope proteins of these viruses have different intrinsic affinities for human CD4. However, the variation in sensitivity to soluble CD4 (sCD4) may also reflect different densities of gpl20 expressed on the viral surfaces or differences in the ability of the envelopes to participate in additional cell-surface interactions.
We wished to isolate one aspect of envelope protein function-namely, the binding of gpl20 to CD4-and determine quantitatively whether there are differences in the CD4 binding affinities of gpl20s from biologically diverse viral isolates. We expressed gpl20 proteins in a heterologous system, isolated these proteins at >90% purity, and measured their binding to purified sCD4. We found that the gp120 proteins from the T-cell tropic HIV-1 BH10, the dual tropic tTo whom reprint requests should be addressed.
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HIV-1 Ba-L, the noncytopathic HIV-2 ST, and the selective T-cell tropic SIVmac differ markedly in their binding affinity for sCD4. The potential relationships between these affinities and the different biological properties of the viruses are discussed.
MATERIALS AND METHODS
Vector Construction. Plasmids are pBR322 based and contain the Drosophila metallothionein promoter (Mt), the signal sequence from the human tissue plasminogen activator (tPA) gene fused in-frame with gp120 sequences, and the simian virus 40 early polyadenylylation signal (17) . For pMtBH10, gp120 sequences begin with amino acid residue 32 of mature HIV-1 BH10 gp120 and end at the cleavage site between gp120 and gp41 by the introduction of a stop codon (nucleotides 5986-7335 of ref. 18 ). Cleavage of the tPA signal sequence results in a secreted gpl20 molecule whose N-terminal 31 amino acids are replaced by 4 amino acids from tPA (see Fig. 1 Cell Culture. Drosophila melanogaster Schneider 2 cell culture and generation of stably transformed cell lines have been described (17) . The Mt promoter was induced by the addition of 0.5 mM CuSO4 to the medium for 7 days.
Protein Analysis and Purification. Proteins were separated on SDS/10% polyacrylamide gels, and gp120 proteins were detected by Western blot analysis as described (17) . Silver staining was performed with the Accurate silver stain kit (Accurate Chemicals, Westbury, NY).
Viral HIV-1 BH10 gpl20 was purified from HTLV-IIIBinfected H9 cells by immunoaffinity chromatography as described (22) . HIV-1 BH10 gpl20 produced in Drosophila was also purified by immunoaffinity chromatography as described (26) . HIV-1 Ba-L gp120 was purified by immunoaffinity chromatography (22) or by chromatography using S-Sepharose, lentil lectin Sepharose, Q-Sepharose, and Superose 12. HIV-2 ST and SIVmac gpl20s were purified by the latter method only. Protein concentration was determined by BCA protein assay (Pierce). N-terminal sequence analysis was performed with an Applied Biosystems gas phase sequencer.
Syncytia Assay. The ability of purified gpl20s to block cell fusion was tested as described (22) , except that 7 x 104 Molt-4 cells were used instead of 7.5 x 104 CEM cells.
sCD4 Binding Analysis. Reactions were performed in triplicate and the data were averaged. For direct binding assays (see Fig. 3A ), 125I-labeled sCD4 (107 dpm/,ug; ref. 23 ) was incubated with 0.1 pmol of gpl20 in 0.1 ml of buffer (0.1% Nonidet P-40/0.25% nonfat dry milk in phosphate-buffered saline) for 3 hr at 4°C. Complexes were immunoprecipitated with anti-gpl20 monoclonal antibody 178.1 and protein ASepharose (CL4B; Pharmacia). Alternatively (see Fig. 4 ), 0.07 pmol of 1251-labeled sCD4 was incubated with 0.01-10 pmol of gpl20 for 3 hr at 22°C and immunoprecipitated with rabbit polyclonal antibody to HIV-1 gpl20. For competition assays (see Fig. 5A ), 0.24 pmol of 1251-labeled BH1O gpl20 (107 dpm/,ug), various amounts of gpl20 competitors, and 0.30 pmol of sCD4 were incubated for 3 hr at 22°C. Complexes were immunoprecipitated with OKT4 antibody and protein A-Sepharose. The Kd of binding was determined as described (24) . lodinations were carried out with BoltonHunter reagent (ICN).
RESULTS
Comparison of HIV-1 BH10 gpl20 Produced in Drosophila with Viral gp120. We wished to obtain sufficient quantities of gpl20 from a number of viral isolates to compare their interaction with the human CD4 receptor. Previous results showed that a secreted form of HIV-1 BH10 gpl20 could be efficiently expressed in Drosophila cells by using the Mt promoter to control transcription and the tPA signal sequence to effect secretion (26) . The construct used, pMtBH10, contains envelope sequences encoding amino acid residue 32 (Asp) through the C terminus of mature HIV-1 BH10 gpl20 fused in-frame to the tPA signal sequence (Fig. 1) . Drosophila cells stably transfected with pMtBH10 secreted a 110-kDa envelope protein, which we designate gp120* (we use the term gpl20* as a designation for the recombinant envelope proteins shown in Fig. 1 , rather than a description of the protein's molecular weight), at 1-2 mg per liter of medium upon induction of the Mt promoter ( Fig. 2A) .
To determine whether our recombinant system affected the activity ofBH10 envelope protein, the recombinant Drosophila BH10 gpl20* was purified to >90% homogeneity ( Fig. 2B ) and compared to purified authentic viral BH10 gpl20 in two assays. In the first assay, saturation binding analysis was performed with sCD4 (23) . A fixed amount of purified gpl20 was incubated with increasing amounts of 1251-labeled sCD4, and bound complexes were immunoprecipitated by using an antibody to gpl20 (Fig. 3A) . The two preparations of BH10 envelope proteins gave identical results. Scatchard analysis of the binding data (Fig. 3A Inset) revealed that Drosophila gpl20* bound to sCD4 with the same affinity (Kd 2.4 nM) as did viral gpl20 (Kd 2.9 nM). In a second assay, the ability of the envelope proteins to inhibit syncytia formation between HIV-1 IIIB-infected cells and CEM cells was measured. The Drosophila gpl20* inhibited syncytia formation with the same efficiency as the viral material (Fig. 3B) . These results indicate that the gp120* produced in Drosophila cells recognizes CD4 in a manner analogous to that of native viral gpl20. Thus, the first 31 amino acids of gpl20 are dispensable for sCD4 binding, consistent with previous reports (7).
Expression and Purification of Other gp120 Proteins. Since the Drosophila system is capable of expressing envelope protein that exhibits appropriate receptor recognition, we utilized the system to produce a number of gp120* proteins from distinct viral isolates for quantitative comparisons of CD4 binding. We selected HIV-1 Ba-L, which differs from BH10 in its cellular tropism (8) , HIV-2 ST, which is noncytopathic and infects only a subset of T-cell lines (19) SIVmac isolate, which shows restricted tropism among CD4+ T-cell lines (21) . Vectors analogous to pMtBH10 were constructed ( Fig. 1 ) by using the gp120 coding regions from isolated clones of HIV-1 Ba-L (pMtBaL), HIV-2 ST (pMtST), and SIVmac (pMtSIV). Drosophila cells were stably transfected with these constructs, and upon induction of the Mt promoter, the appropriate gpl2O* was produced and secreted at levels ranging from 5 to 35 mg per liter of medium ( Fig. 2A) . Each gp120* was purified by standard chromatographic techniques involving ion exchange, lentil lectin, and size-exclusion chromatography to >90o homo-0. 12 geneity (Fig. 2B) . The Ba-L gp120* was also separately purified by immunoaffinity chromatography (BaL-I; Fig. 2B ) as was the HIV-1 BH10 gp120* to compare the effects of the different purification procedures on binding activity. N-terminal sequence analysis of the purified proteins confirmed the predicted primary structure in all cases (Fig, 1) _ of the HIV-1 BHIO and Ba-L gpl2W* Proteins.
The purified BH10 and Ba-L gp120* proteins were compared for their ability to bind sCD4. In one assay, a fixed amount of '25I-labeled sCD4 was incubated with increasing amounts of gpl2O*, and bound complexes were immunoprecipitated with antibody reactive to both gp120*s (Fig. 4) . Ba-L gp120*, purified either by immunoaffinity chromatography (BaL-I) or by standard chromatographic procedures (BaL-C), did not bind sCD4 as efficiently as BH10 gpl2O*. This reduction in binding did not result from inactivation of Ba-L gp120* during purification since similar results were observed when conditioned medium samples were used as a source ofgpl2O* (data not shown). Thus, the affinity of Ba-L gp120* for sCD4 is significantly lower than that of BH10 gp120*. However, this reduced affinity precluded a determination of the Kd from the direct binding data shown in Fig. 4 .
The affinity of the Ba-L gpl2O* for sCD4 was quantitated by measuring its ability to compete with the binding of 125I-labeled BH10 gpl2o* to sCD4 (Fig. 5A) . Consistent with the direct binding experiments described above, Ba-L gp120* did not compete as efficiently as BH10 gp120* itself. The Kd values for the interaction of the gp120*s with sCD4 were calculated from the IC50 values measured in the competition assay ( Table 1) . The Kd determined for BH10 gp120* by this method, 5 nM, is in excellent agreement with that determined from direct saturation binding experiments ( Fig. 3A; ref. 7) . The Kd determined for Ba-L gpl20*, 30 nM, reflects a 6-fold lower affinity than that of BH10 gpl20*.
The purified BH10 and Ba-L gp120*s were also compared in a biological assay that measured the ability of the gp120*s to inhibit syncytia formation between HIV-1 IIIB-infected cells and CD4' T cells (Fig. 5B) . Consistent with the 6-fold lower affinity of Ba-L gp12O* seen in the competition assay (Fig. 5A ), we find that purified Ba-L gpl2o* was 5-to 10-fold less effective than BH10 gp120* in blocking cell fusion.
Characterization of HIV-2 ST aid SlVmac gpl2W* Proteins.
Attempts to immunoprecipitate the recombinant ST and SIV gpl2O* proteins from crude medium samples with excess sCD4 suggested a low binding affinity for SIV gpl2O* and revealed almost undetectable binding for ST gp12O* (data not shown). Thus, the affinities ofthese gpl2O* proteins for sCD4 were also quantitated in the competition experiment described above (Fig. SA) . The SIV gp120* displayed a weak ability to compete with the binding of BH10 gp120* to sCD4, and the ST gpl20* was an extremely poor competitor.
Relative to the affinity of BH10 gpl20* for sCD4, the affinities ofthe SIVmac and HIV-2 ST proteins were about 70-fold and 280-fold lower, respectively (Table 1) . Our results clearly demonstrate a wide range of sCD4 binding abilities among the envelope proteins of these HIV and SIV isolates. DISCUSSION Using a Drosophila cell expression system, we have produced recombinant envelope proteins (gpl2o*) from HIV-1, HIV-2, and SIV isolates and compared the affinities of the purified proteins for a purified recombinant form of the human CD4 receptor. The Drosophila-produced gpl20* from the T-cell tropic isolate HIV-1 BH10 bound sCD4 with an affinity equivalent to that of authentic viral gpl20 and in good agreement with other reports (7, 25) . The gp120* of HIV-1 Ba-L, which exhibits a dual tropism for T cells and monocytes-macrophages, bound with a 6-fold lower affinity than BH10 gpl20*. In addition, SIVmac gpl20* binding was -70-fold weaker, and HIV-2 ST gpl20* binding was at least 280-fold weaker. We conclude that the affinity for sCD4 varies markedly for the envelope glycoproteins of these diverse primate immunodeficiency viruses.
Although the glycosylation ofgpl2o* produced in Drosophila is primarily of the high mannose type, in contrast to the complex glycans observed in mammalian systems, the Drosophila-produced BH10 gpl2O* showed the same activity as viral BH10 gpl20 in both sCD4 binding and syncytia inhibition assays. We cannot rule out that this altered glycosylation did affect the activity of the other gpl2O*s. However, we have recently found that HIV-2 ST gpl20 produced in mammalian cells, like that produced in Drosophila, has a low affinity for sCD4 (M.A.C., R.W.S., and Mark Mulligan, unpublished data).
Previous studies have indicated that isolates of HIV-1, HIV-2, and SIV differ in their sensitivity to inhibition by soluble CD4 proteins (15, 16) . Of particular relevance to the present study, the level of sCD4 required to inhibit SIVmac was 5-to 20-fold greater than that required to inhibit HIV-1 BH10. This differential sensitivity to sCD4 likely results from the low affinity of SIVmac gpl20 for sCD4. These results do not rule out a contribution by other factors, such as the density of gpl20 on the viral surface. Nonetheless, the viral envelope affinity for sCD4 correlates well with sensitivity to inhibition by sCD4. These results have important consequences for proposed HIV therapies based on interfering with the interaction of envelope and CD4. Therapeutic dose levels predicted on the basis of inhibition of isolates with high-affinity envelopes (e.g., BH10) are likely to be ineffective against isolates having lower CD4 affinities.
How do the differences in sCD4 binding affinity of the envelope proteins in our study relate to the different biological properties of the viruses? Among the isolates examined, there is a correlation between the affinities of the viral envelopes for sCD4 and the cytopathic properties of the viruses. HIV-1 BH10, whose envelope exhibits the highest affinity for sCD4, consistently induces cytopathic effects and cell fusion in the T-cell lines that it infects. In contrast, SIVmac, whose envelope shows a 70-fold lower affinity, exhibits reduced or no cytopathic effects on some T-cell lines (11, 12) . Moreover, HIV-2 ST, which shows the lowest CD4 affinity, is noncytopathic and nonfusogenic (19) . For these as well as other isolates, determinants of cytopathic and fusogenic properties have been mapped to their envelope genes (12) (13) (14) . Our data suggest that one aspect of envelope function involved in determining the cytopathic properties of immunodeficiency viruses may be the affinity of the viral envelope protein for CD4.
The envelope gene has also been identified as a determinant of host cell tropism (9, 10, 12) . We find that envelope proteins from viruses that are restricted in their host range among CD4' T-cell lines exhibit lower affinities for sCD4. In contrast to HIV-1 BH10, which has a wide host range among different T-cell lines and a high sCD4 affinity, SIVmac and HIV-2 ST infect only a subset of T-cell lines and have considerably lower affinities. The restricted host tropisms of the latter viruses and the observation that cell hybrids between nonpermissive cell types can be infected (11) suggest that accessory molecules in addition to CD4 are present on the susceptible cells and are important for efficient penetration by these viruses (11, 12, 19 
